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Using software Athena and HAZUS-MH, this study evaluated the performance of steel and concrete buildings considering their life-cycle assessments and earthquake resistance. It was determined that code design-level greatly effects a building repair and damage estimations. This study presented two case study buildings and found specific results that were obtained using several premade assumptions. Future research recommendations were provided to make this methodology more useful in real-world applications. Examining cost and environmental impacts that a building has through, a cradle-to-grave analysis and seismic damage assessment will help reduce material consumption and construction activities from taking place before and after an earthquake event happens.
Introduction
"Sustainable development aims to enhance the quality of life by improving the social, economic and environmental conditions for the present and future generations" (Menna et al. 2013) . Today structural engineers are faced with the challenging task of balancing sustainable design practices with sufficient structural integrity for safety. Buildings consume vast amounts energy and natural resources to construct and maintain and, when natural hazard events (e.g., earthquakes) occur, buildings consume additional energy to repair sustained damage.
Buildings are one of the largest consumers of natural resources and account for a significant portion of greenhouse gas emissions that contribute to climate change (D.O.E. 1993 however, become a relief if an earthquake event was to occur, and this would justify the initial investments favoring sustainable design consideration as a positive cost benefit (Comber et al. 2012) . LCA studies consider all stages of a building's lifespan including;
initial construction, maintenance, and energy usage. Not often do they consider the impacts caused by natural disaster events. This is an opportunity for structural engineers to communicate the importance of a building's seismic risk, and to employ mitigation strategies that minimize a building's life-cycle impact with these potential risks in mind.
Background
A study completed by Menna et al. (2013) presented a novel approach of including induced seismic damages in their LCA of a building. Menna et al. (2013) study methodology determined probabilities of exceeding a set of structural damage limit states during the infrastructure's lifetime to determine repair damage costs. The environmental implications were calculated taking into account the determined initial building construction environmental effects. Menna et al. (2013) concluded that the seismic events influenced the LCA 6% when considering the whole building's environmental impact and 25% when compared to the initial construction phase. Taghavi and Miranda (2003) determined that in a typical building the structural system accounts for approximately 10-20% of the construction cost. Although this structural system is a small portion of the total building cost, upgrades to the system could lead to cost savings after experiencing an earthquake. "Hence, given the significance of the damaged-based repair costs, achieving a higher performance level for the building may play a fundamental role in reducing the overall life-cycle costs," (Menna et al. 2013) .
Tapia and Padgett (2012) The Structural Engineers Association of California (SEAOC) represents the structural engineering community and states in their Blue Book that seismic design is, "primarily to safeguard against major structural failure and loss of life, not to limit damage or maintain function". Therefore, a building designed using code minimums does not necessarily ensure consideration of the whole building's life-cycle impacts and the consequences of damage and repair (Kneer and Maclise 2008) . Kneer and Maclise (2008) summarized and completed case studies examining the role that building performance has in minimizing the environmental impacts for buildings located in areas of seismic risk and has also summarized available software tools. Kneer and Maclise (2008) suggest additional case studies are needed to expand and increase the robustness of research concerning LCAs.
Software such as HAZUS-MH (FEMA 2002), a performance based design tool, and
Athena ), a LCA tool, were both recommended.
A study written by Comber et al. (2012) , examined the need to "shift away from designing code-minimum buildings that are life-safe but often disposable", and presented a method that examines a building's long term environmental impacts including expected seismic damage. The authors completed a comparative study examining two case study buildings, a concrete moment frame and a shear wall system, and determined that the moment frame had a lesser total carbon equivalent emissions. The study also concluded that the moment frame would require 19% of the building's total embodied energy to repair damages, and the shear wall system would require 15%. The study determines that although the shear wall system did have more associated carbon outputs when considering its total embodied carbon output, the difference between the two when considering their carbon output caused from seismic repair is much more substantial. A project that has a greater initial investment and increased carbon outputs due to structural choices will ultimately reduce carbon outputs caused by repair damages after an earthquake event. The study concludes by giving future recommendation for the structural community to explore this idea of determining the environmental implications of performance-based and disaster-resilient design (Comber et al. 2012) . The authors also suggest that LEED, or other environmental rating systems, give incentives for disaster resilient design strategies in order to reach environmental performance objectives.
Objectives
The objective of this paper is to explore the differences between steel and concrete framed buildings, pairing results from a LCA and seismic damage analysis. The challenge of quantifying the environmental impacts due to buildings and seismic damage will be approached in two separate analyses. This thesis will first compare the two building frame types using the LCA method and then use HAZUS-MH to determine potential damage and repair costs under various seismic events. The environmental impacts between the two will be integrated, giving a total environmental impact of a building that is located in a seismically prone area. This study will examine the damage and repair costs explicitly caused by each building's structural components; this will make for a clear comparison between the two building materials, steel and concrete.
Although this comparison between steel and concrete is completed, the method approach described throughout this paper can be used for all building types. This type of building examination can assist building owners and engineers to choose between building designs, and ultimately lead to environmentally conscious and seismically resilient design choices.
Life-Cycle Assessment (LCA) for Buildings
Buildings in the United States consume a significant amount of energy and natural resources, causing environmental impacts to the world. "In the United States, 54% of energy consumption is directly or indirectly related to buildings and their construction," (Horvath 2002) . It is apparent that analyses on building materials and their environmental impact is essential in order to compare various design options, improve existing practice, and to recognize opportunities for environmental improvements. To date, life-cycle assessment (LCA) provides the most complete framework for aiding in the decisionmaking-processes needed to accomplish substantial environmental improvements. Lifecycle assessment, also known as life-cycle analysis, or cradle-to-grave analysis, is a tool used to assess a building's environmental impact. A LCA takes a broad overview of a building's life-span and assesses potential environmental impacts at different life-cycle stages.
History and Methodology
"LCA methodology was first established in 1990 by the Society of Environmental Toxicology and Chemistry (SETAC) and was then later formalized in 1997 by the International Standards Organization (ISO) as a way to assess the environmental impacts of a product system", (Johnson 2006) . According to the ISO standards, the LCA method is "a technique for assessing the environmental aspects and potential impacts associated with a product" (ISO 14040 1997 Geographic limitations and uncertainties is a concern for all LCAs conducted on different building systems. A building's location can affect how a certain material is extracted, manufactured, and eventually assembled. The same material used at different construction sites can greatly change the environmental contribution due to dissimilar types of energy fuels used for similar materials in different locations. Buildings consume vast amounts of materials; tracking these material's origins and trying to include all material inputs can be difficult and influence the LCA results.
The availability and quality of life-cycle inventory data can vary greatly from one study to another, and involves the collection of a wide range of materials from a variety of services. Accurately collecting the data can be very time consuming and costly to acquire such data. Not only can location affect data input and output, but the time that the data was collected. Technology used to distribute, manufacture, and assemble is constantly changing and can affect the environmental impact. Guggemos and Horvath (2005) completed a comparative study between a concrete frame structure and a steel frame structure, isolating each of the LCA stages. Both structural frames were designed to model typical office buildings, located in the Midwestern U.S.
Past Life-Cycle Studies for Buildings
with a projected lifespan of 50 years. The buildings shared interior finishes, painted partition walls, built-up roofing, and concrete matt foundations, having only their structural frame varying. Guggemos and Horvath determined the steel frame structure was more costly than the concrete framed structure, using R.S. Means (1999) for their cost estimates. The authors compared the two structural frames at two levels, initial construction phase and overall LCA. The study determined that during the construction phase, the concrete structural frame had greater associated energy use and CO 2 emissions, mainly due to the fact that concrete uses more temporary materials, longer installation time, and transportation impacts then does steel. The study additionally determined that the overall life-cycle comparison of both buildings seemed to have very similar environmental impacts (Guggemos and Horvath 2005) .
A building's energy consumption is divided into embodied energy and operational energy. Embodied energy is the amount of energy used to construct, maintain, and dispose of a structure. This includes the impacts from obtaining the raw materials, the processes these materials go through, the assembly of these materials, the maintenance and operations required to maintain those materials, the effects of disposing the product after its useable life-span, and includes transportation impacts related with each. A building's operational energy is the usage energy that includes heating, water, airconditioning, and lighting. Cole and Kernan (1996) determined that about 80% to 90% of a building's energy usage is accredited to the operational energy alone. Their study analyzed three separate structural systems: wood, steel, and concrete and then compared their embodied and operating energy use. Each building was modeled as a typical office building and compared each structural frame. The study determined that the steel building had a greater reoccurring embodied energy than that of the concrete structure and additionally determined that the wood frame had the least lifespan energy usage and that steel had the greatest lifespan energy usage. The study recognizes that, "An important conclusion is that published studies on initial embodied energy of buildings provide a guide to the typical ranges for the initial embodied energy of office buildings, however it is difficult to interpret and compare studies in any detail because of the lack of definition of what was included within the total embodied energy figures" (Cole and Kernan 1996) . The study also came to the conclusion that the operational energy usage in buildings represents the largest component of life-cycle energy usage. "As environmental issues continue to become increasingly significant building design priorities, we can anticipate considerably improved energy standards," (Cole and Kernan 1996) . And, as the operational energy is decreased, more attention will be drawn to reducing a building's embodied energy. The study also suggests that reducing a building's embodied energy involves much more than comprehensive design approaches, it also involves examinations into a building's repair and replacement costs. The study ends by suggesting that future research focus on material longevity and the ability to replace elements within a total building assembly.
Earthquake Building Induced Damage
Earthquakes can be devastating events and cost billions of dollars in repair. As engineers, our understanding of earthquakes has had much improvement over the past twenty years. This is mainly due to the fact that the technology to track and collect data on seismic events has greatly improved. All data is collected and shared globally, giving scientists and researchers the opportunity to build more complete models of the earth's ground motion due to seismic events and use this information to design safer buildings. The
United States Geological Survey (USGS) stated that "In 1931, there were about 350 stations operating in the world; today, there are more than 8,000 stations and the data now comes in rapidly from these stations by electronic mail, internet and satellite". Major earthquake events like San Fernando (1971), Loma Prieta (1989), and Northridge (1994) has given engineers numerous seismic data for analyzing future earthquake occurrences and understanding structural responses.
Estimating potential damage that a building will experience under a given earthquake event is a challenging task, several studies have turned to computer software programs to help estimate anticipated seismic damage to buildings. HAZUS-MH, a nationally accepted computer software program, that estimates potential losses from earthquakes, floods, and hurricanes can ease this challenging analysis (FEMA 2002) . FEMA developed HAZUS-MH with the National Institute of Building Sciences (NIBS) to help aid in hazard mitigation. Up-to-date and current engineering and scientific knowledge are used in the program to assess loss estimates for earthquake hazard events. HAZUS-MH has default databases that include data regarding building inventory and demographics for all regions located in the United States (Kircher et al. 2006) . The program provides historical data of past seismic events that have occurred in the U.S. and additionally allows one the ability to create a theoretical event. When a user inputs a certain earthquake event, the Potential Earth Science Hazard (PESH) module estimates ground motion and ground failure. The ground motions and ground failure are estimated based on the fault type, location, and earthquake magnitude; each of which can be selected by the user. After an earthquake scenario is created, a direct damage module is created that estimates the damage in terms of probability of exceeding states of set damage for any given ground motion or failure.
Methodology

Athena Life-Cycle Analysis
A number of LCA software tools were examined by the author and Athena Eco-Calculator (AEC) was chosen, explicitly because of the lack of material and quantity- Agency for LCA and are in accordance with ISO 14040 . This thesis will examine fossil fuel consumption and global warming potential differences between the two case study buildings.
The AIE was utilized to determine each building's operational energy usage. The operational energy between both buildings was determined assuming that each building consumes the same amount of energy per year. Cole and Kernan (1996) states that, "The difference in the operating energy between wood, steel and concrete framed buildings is negligible". The two case study buildings within this study have the same internal building materials having only their structural frame varying thus this assumption is accepted and utilized. The AIE allows the user to input the location and estimated fuel consumption quantities, such as natural gas and electricity consumption per square floor area annually. After providing the building's location and consumption the software generates the appropriate electricity grids, transportation modes and distances, and product manufacturing technologies that affects the building's environmental impact. The assumption for energy consumption for both case study office buildings, located in the U.S., use 183 kWh per square meters, annually and 10 cubic meters of natural gas per square meters annually (D.O.E. 1983). The annual consumption data was entered into
Athena Impact Estimator and the operational energy impacts were obtained. loss estimations in the United States on a regional basis" (Ploeger et al. 2010) . HAZUS earthquake has two building damage functions; capacity curves and fragility curves. Each function is given for low, medium, or high rise buildings of varying type (i.e., steel, concrete). The capacity curves are based on a structures yield limit and ultimate strength and characterize the nonlinear (pushover) structural behavior. For each building type the capacity parameters change and illustrate the different levels of seismic design and anticipated seismic performance. Fragility curves describe the probability of damage to a structural system and its non-structural components (sensitive to drift or acceleration).
Earthquake Induced Damage
Fragility curves are a good indicator of how a structure will withstand a seismic event and can give insight into damage and repair costs due to certain ground motion events. The seismic events that were chosen for analysis in this study are Northridge, 100-
year event, and an annualized damage analysis for a building located in Los Angeles, California. On January 17, 1994, a 6.7 magnitude earthquake hit San Fernando Valley.
Northridge earthquake caused sixty peoples deaths, 7,000 injuries, and left 20,000 people homeless in Los Angeles, Ventura, Orange and San Bernardino Counties (USGS 2013).
The total damage cost estimate was between 13 and 20 billion U.S. dollars (USGS 2013).
Because of the severity of this damage and its location, this event was chosen to model the most damage that could occur to a building under a single earthquake event.
The 100-year return provides an estimate of the likelihood of a certain magnitude event occurring. For a 100-year return event this has 0.01% probability of occurring in any given year during a building's lifetime. HAZUS-MH uses a default value of magnitude 5 earthquake for the 100-year event scenario.
The annualized earthquake loss estimation that was determined using HAZUS-MH is the estimated long-term value of earthquake damages and losses to the general building stock in any single year in a specified geographic area (FEMA 2008) . HAZUS-MH takes into account such factors as historic patterns of frequent smaller earthquakes with infrequent but larger events, and provides a balanced estimate of potential earthquake damage. This allows one to compare buildings built to different codes that are located in different regions around the country (FEMA 2008).
The two theoretical buildings within this study are location in Los Angeles County which consists of approximately 4,083 square miles, and includes 1,652 census tracts (Kircher et al. 2006) . The default inventory data included in HAZUS-MH for the Los Angeles County region is shown in Figure 1 . For each design level and structure type, HAZUS-MH provides the default inventory building count. The total building count value shown in Figure 1 includes all building types; i.e. wood, steel, concrete, precast, reinforced masonry, unreinforced masonry, and manufactured homes. As shown steel and concrete building types is a small portion of the overall building inventory for this area.
Other buildings could be examined within HAZUS-MH to understand their seismic resiliency and environmental impact. states. This study uses these probabilities of damage to the general region of different building types to describe the damage that would occur to an individual building.
The total probability of damage to the general population of steel and concrete buildings was determined for each of the previously mentioned earthquake events. The probability of damage was provided for each of the four damage states, each building type, and design code. HAZUS-MH technical manual provides structural repair cost ratios in percent of building replacement costs for each damage state and building type.
For this analysis it was assumed that both building types under consideration were COM4
in the HAZUS-MH technical manual (FEMA 2013). COM4 is a group of buildings that For building type COM4, Table 1 below, presents the associated structural damage state and their associated structural repair cost ratios. The structural repair cost ratio relates building damage to total cost of the building. The structural repair cost ratios and the buildings total cost led to the calculation to determine the cost of damage under each of the different damage states.
Incorporating Seismic damage in a Life-Cycle Assessment
To calculate the environmental impacts caused by seismic damage, this study related the building's embodied energy to cost and used this relation to determine the cost of damage and environmental impact for repairs. HAZUS-MH provided the damage probabilities for each damage state, which were then multiplied by each of the structural damage ratios and summed for all the separate damage states to obtain each building's total probability of damage. The total sum of damage probability was then multiplied by the total cost of the building to obtain the total cost of damage. To relate cost to energy the AEC results for each building was divided by its total cost, to obtain the energy in mega joules per dollar. This relationship was used in determining about much energy each event would consume for repair damages.
The two single events that were analyzed in HAZUS-MH (i.e. Northridge and 100-
year event) would merely just contribute to a building's overall LCA impact. This study examined HAZUS-MH annualized loss to get a per-year potential damage estimate for each building type. The annualized damage was multiplied by the estimated lifespan of each building to represent 60 years' worth of seismic damage that each structure could possibly experience. The annual seismic damage cost was additionally converted into mega joules of energy and summed with the overall lifecycle impact of each building.
This method could overestimate damage in some years but could also underestimate damage in other years.
Case Study
Life-Cycle Analysis Results
The two case study buildings under consideration were modeled as low-rise commercial buildings, located in Los Angeles, California. Both office buildings were analyzed as 4 stories, with each story height being 10 feet. Each story has a floor area of 120 ft. by 180 ft., giving a total floor area of 86,400 square feet. Both office buildings were assumed to share the same foundations, interior walls, and window material, and thus these items were not included in the environmental comparison. The structural elements in a building have a greater environmental effect because they have the greatest percentage of material quantity to the whole building envelope (Delong et al. 2011) . Table 2 provides each assembly type and area that was inputted into the Athena Eco-Calculator program. The environmental impact results for both the concrete and steel generic building types are provided in Figure 3 and Figure 4 shown below. Table 3 provides the energy consumption and global warming potential in terms of energy or global warming potential per square feet for comparison purposes. The differences between the generic steel and concrete building's energy consumption, not including each building's operational energy illustrates that steel has less of an impact. It was determined that the steel building has a lower fossil fuel consumption and global warming potential when compared to the concrete building. However, this could be due to the material assembly choices that were made within AEC. The results obtained from AEC were made using several pre-made assumptions that should be considered. A more rigorous analysis on detailed building assembly components should be made if this method was used in a real-world design project.
The operational energy results given from AIE are shown below in Table 4 . The results depict how location affects the calculated operational energy usages. The methods used to extract, refine, and distribute energy to buildings varies throughout America. Guggemos and Horvath (2005) operational energy was shown for comparison purposes to the AIE estimate energy consumption. The results are similar due to the fact the both this study and Guggemos and Horvath's (2005) study had similar usage inputs. 
Description of Location
Athena Impact Estimator 9214 USA Athena Impact Estimator 8751 Los Angeles, California Guggemos et al. (2005) 6862 Midwest U.S. Table 5 provides each structure's operational energy and embodied energies. Approximately 98% of the total energy consumption was solely due to the operational energy when considering the overall LCA impacts for both building types. This data relates to Cole and Kernan (1996) findings, although operational energy is the main issue in a building's energy consumption, the intent of this research was to examine each building frame and their resiliency and impact when subject to seismic events. The implications and recommendations for future research will be discussed subsequently in the results discussion section of this paper. Possible alternatives to reduce a building's usage phase impacts could examine decreasing heating, lighting, and electricity usages. Table 6 provides the calculated data that was used in the damage analysis for the steel building. Table 9 provides the average annual damage probabilities that could possibly occur to the general steel building population. In one year a typical steel building will experience $4,673 of damage repair costs and will consume 4,103 MJ of energy. 
HAZUS-MH Results
Steel Building HAZUS-MH Results
Concrete Building HAZUS-MH Results
Table 10 provides the data that was used in the damage analysis for the concrete building. The energy per replacement cost for the concrete building is approximately 50% more than that of the steel building. This is due to the steel buildings greater cost and lesser calculated environmental impact, however this study has made several assumptions and these results are very specific to this case. Table 12 , below, provides the damage data that would occur to the general concrete building population within Los, Angele CA if a 100-year return event took place. The annualized seismic damage that a concrete building could possibly experience in any given year is shown in Table 13 . As can be seen, the difference from high code to moderate code is very substantial, both in repair costs and environmental impacts. In one year of its life, a typical concrete building, will experience 1,218$ of damage and consume 1,968 MJ of energy.
Results Discussion
Reviewing the results obtained for the concrete and steel building's, annual damage and repair costs and associated environmental impacts, it was determined that the population of concrete buildings did have less annual loss considering both high and moderate code standards. HAZUS-MH methodologies take into consideration each building's location and underlying soil type. The fact that the results depict less concrete building damage does not necessary imply that concrete building's behave better under seismic events.
Additionally the seismic design codes for each building type progress at different rates and this could have resulted in the concrete building population to have less estimated damage. The Northridge event was examined to see the differences in each building behavior but the given results are very subjective to HAZUS-MH methodology and all premade assumptions about each building type. The future research and section of this paper will discuss these issues and will suggest better analyses to use to better understand building's environmental impacts when subjected to seismic events. Table 14 illustrates the total environmental impacts comparing steel to concrete. As can be seen the steel building was determined to outperform the concrete building when considering each buildings life-cycle assessment; although when considering HAZUS-MH results the annual damage loss data was greater for the steel population then the concrete building population. Cost, seismic resiliency, and environmental impacts all need to be considered to create a sustainable design. One needs to consider the investing more initially and weigh the long term benefits of doing so. 
Building Energy Consumption when Subjected to Seismic Events
Concrete Building
High Design Level 9,048 0.42 9,048.42 Moderate Design Level 9,048 1.37 9,049.37 Table 14 represents the total LCA impact of each building including their estimate annual seismic damage for 60 years. The results illustrate that the seismic repair damage environmental effects are a small portion of a building's total overall LCA impact. The steel building repair damage is approximately .58% of its total embodied energy and the concrete building's repair damage is approximately .14% of its total embodied energy (each having high design level). While this repair energy is a small portion of building total LCA, future research needs to be completed to effectively understand environmental implications of seismic events. Recommendations for future research to examine other avenues on this vein of research will be discussed subsequently.
Future Research Recommendations
Linking LCA and estimated seismic repair damage effects is difficult due to the fact that both evaluations are not an exact science. This study examined two building frames and did not include non-structural building items, future research should examine full building envelope LCA's to pair with estimated seismic damage repair. The structural frame does have the most substantial impact when comparing two structure's seismic resiliency, although the non-structural components of a building would additionally contribute to a building's LCA impact.
Future research should examine the environmental effects of non-structural damage to the operating costs for a building. This paper determined that a building's operational energy is the largest contributor to the building's overall LCA and seismic damage to any system that could potentially effect a building's energy usage could lead to great costs and environmental impacts. HAZUS-MH could additionally be used to estimate nonstructural damage and this data could be used to examine its role in affecting a building's operation energy usages.
The author additionally suggests utilizing HAZUS-MH for individual seismic evaluation. This study used the probability for each building type using the general building population for each, although this is a good average estimation of damage, location and epicenter of earthquakes effects estimated damage results. An individual building examination would eliminate these issues and provide a more accurate damage and repair estimation. 
Conclusions
Using Athena and HAZUS-MH, this study evaluated the performance of steel and concrete buildings considering their life-cycle assessments and earthquake resistance. It was determined that code design-level greatly effects a building repair and damage estimations. This study presented two case study buildings and found specific results that were obtained using several premade assumptions. Future research recommendations were provided to make this methodology more useful in real-world applications.
Examining cost and environmental impacts that a building has through, a cradle to grave analysis and seismic damage assessment, will help reduce material consumption and construction activities from taking place before and after an earthquake event happens.
